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SUMMARY PAGE

' THE PROBLEM

Over the past decade, amphasis has been placed on designing fighter aircraft
to enargy maneuverability criteria. These criteria have indeed increased fighter ;
performance, but they have also presented analysts and pilots with new tasks in
fully utilizing this improved capability. In the development of tactics, the energy
maneuverability capability of a potential edversary's aircraft must be compared l
with the maneuvering capability of one's own aircraft. A major factor which deter-
mines the outcome of aerial combat is the pilot's ability to maximize the maneuvering
capability of his aircraft. > This report describes the development of an integrated ,
analog display (turn rate vs calibrated airspeed) for use as a debriefing aid on the i :
Air Combat Maneuvering Range (ACMR).

FINDINGS

The ACMR gathers in-flight data from aircraft while they are angaged in air
combat maneuvering. Upon returning from the ACMR, ajrcrew are presented with
. 1) = pictorial display of the engagement, and 2) a digital printout of selected encoun-
ter paramaters (e.g., velocity, "g', altitude of each aircraft, range between aircrait) .
o The display integrates thase 1 elevant energy mansuverability data into an analog
! format, thus providing an immediste comparison of the performsence of each aircraft
| with respect to the maneuvering envelope of that air..raft and that of the opponent.
E i The display also allows the aircrew to recognize very rapidly whether they are gain-
: ; ing or loosing energy and the rate of gain or loss., The maneuvering envelopes of
the F-14, F-4, A-4, and F-5 aircraft can be displayed in this dynamic format. It is
expected that this new format 1) will provide a better means for pilots to determine

how well they have maxir.i~ed the performance of their aircraft, and 2) may serve as
an aid in tactics developm.ent,

A brief discuse;on of the nature of energy maneuverability is contained in an
Appendix.

T ———

RECOMMENDATIONS

s
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It is proposed that the effectiveness of the ensrgy maneuverability (EM) display
and the companion instructional video tape should be evaluated. The potential incor-

poration of the display into other ACMRs/ACMI8 and ACM simulstors should also be
considered.
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I. INTRODUCTION

Over the past decade, amphasis has been placed on designing fighter aircraft !
to energy maneuverability criteria. While this emphasis has resulted in fighter ‘
aircraft with improved performance capability, it has presented analysts and pilots
with new tasks in fully utilizing this improved capability. In the development of
[ ! tactics, the anergy mnar.euverability capability of a potential adversary's aircraft
| ‘ mvst be compared with the maneuvering capability of one's own aircraft. A major
i factor which determines the outcome of aerial combat is the pilot's ability to maxi-
| mize the maneuvisring capability of his aircraft.

Before discussing energy mansuverability (EM) the distinction between

energy management and energy maneuverability must be considered. Pruitt (1)
makes the following distinction:

P

, . Energy Management - relates to the use of potential and kineatic energy, :
» and stored energy from fuel, to maximize or optimize the total weapon o
system to achieve the desired task.

. Energy Maneuverability - is the analysis of maneuverability (the ability
; ‘ to perform a change, or a combination of changes, in direction, altitude,
i { and airspeed) expressed in terms of energy and energy rate.

Thus, energy maneuverability is not directly concerned with fuel consumption. :
Indeed, within the framework of these definitions, it would be possibls for a pilot
| { to perform poorly on energy management by exhausting his fuel supply, while using
* appropriate or inappropriate energy maneuverability tactics. However, as we

shall see. use of appropriate energy maneuverability tactics cen resu't in reduced
fuel coneumption.

During the 1875 Advanced Aircrew Display Symposium (2) RADMJ. S.
Christiansen, USN (Ret.), then the Assistant Deputy Chief of Naval Operations,
! Air Warfare, sddressed the needs of fighter pilots. He stated, "As a fighter pilot K
i . . . I'vant to know how much (aircraft pexformance) I'vo got left and I need it |
(the information) where I can see it." The need for {nformation on how wall the
alicraft's maneuvering capability has besn utilized was a topic of considerable
discussion et the 1976 Navy Fighter Weapons Symposium (3).

-_—

Some specific requirements for EM data include:

1} Flight Safety. The Commending Officer of the Naval Safety Center reported
(4) that during the period from . .ly 1889 to ZLpril 1974, forty-two naval aircraft were
destroyed, 8 aircraft were damaged, and 27 deaths were attributable to the lack
of integrated V-N (velocity-"g") envelope information. A review (5) of USAF and
Navy accidents involving unrecoverable loss of control revealed that between April ;
1872 and March 1978, 92 aircraft were lost due to stall/spiu departures. Forty of :
the 92 aircraft lost ware F-4s. These losses did not include any loss due to j
mechanical failure. The accidert ;ummary usually listed the pilot as the primary !
cause and contained a statement such as "Pilot allowed himself to get into a position :
from which he could not recover."
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The quality fighter/attack pilot is an individual who is one with his machine,
i.e., he integrates altitude, "g", airspeed, angle of at*ack with the feel and sounds
of the aircraft. He creates, in his head, the V-N diagram (which describes the
performance capability of an aircraft in terms of load facter "g" and velocity) or parts
of the V-N diagram and, as accurately as possible, locates his aircraft in thet diagram.
Efforts have been made to present V-N informetion to pilots but, in most cases, the
displays did not progress beyond the simulator stage or, if they were flown, they
were flown only sxperimentally. At presenti, no integrated V-N information is
displayed to the pilot aboard operational USAF or Navy aircraft, nor is any integrated
information displayed for use during debriefings on the Atr Combat Meneuvering
Range (ACMR). Techniques for displaying energy maneuverability data in flight
will not be discussed in this report, interested readers are directed to Stanley (6
and Moroney and Barnette (5).

2) Differences in Present and New Generation Fighters. Because of the high
thrust to weight retius and the low wing loadings of the new generation cf tighters,
in particular the F-18 and the F-18, tomorrow's fighter/attack pilot can gain or lose
vnergy at a much faster rate thar he could with present operaticaal aircraft. Pilots
of this new generation of aircraft will need to learn that, at high speeds, keeping the
throttle full forward during air combat maneuvering (ACM) will prevent them from
achieving their tightest turn. The evolution of strakes, slots, and lifting body
fuselages provides much more subtle cues of aircraft performance than are available
with today's aircraft. Because of the subtle nature of these cues, we can expect the
new generation of fighter/attack aircraft to be inadvertently over-stressed and/or
their capability not maximimized in ACM.

3) Differences in Aircrews. In ACM the requirement is eyes-out-of-the
cockpit with a rare glance inside until the target is off tha nose. The F-4 pilot has
a Radaxr Intercept Officer (RIO) or Guy-in-Back (GIB) to provide altitude/airspeed
and weapon status information when needed. However, pilots of future fighters will
be flying single seat aircraft. Thus, the pllot's need for performance information is
increasing while the sources of such information are dacreasing.

4) Limited Training Opportunities. Increased fuel/maintenance costs have
increased training cost; thus, today's figh.er/attack pilot can expect less "seat-of-
the-pants" experience in ACM and weapon delivery. For ACMR to be truly cost-
effective maximum utilization must be made of the data collected in flight.

5) Lack cf Enerxy Maneuverability Training During Pilot Training. While
acknowledging the importance of energy maneuverability (EM), most pilot training
does not address it for a variety of reasons, including the technical nature of the
topie, other syllabus requirements, and the inability of many instructor pilots to
define the envelope for themselves, muck less for students. An exception to this
deficiency is the EM course taught at the Naval Fighter Weapons School. These
lectures provide a basis for tactics development and are followed up with in-flight
demonstrations to reinforce the lectures. Additionally, EM is routinely discussed
during the debrief.
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8) Tactics Development. While an actual air combat encounter lasts only a
few minutes, considerable prepuaration must precede the encounter. A preraquisite
for a successful or at least neutral encounter is knowledge of the maneuvering cap-

ability of both the friendly and adversary aircraft. Prior to any encounter a pilot must

compare his ensrgy mansuverability with that of a potential adversary. Armed with

this knowledge the pilot can then develop tactics which favor his aircreft and which iaay
force his advarsary to fly in a regime where the adversary aircraft has less capability.

For the above reasons an effort was undertaken to develop an EM display for
use on the ACMR. Such a display could use data presently down-linkad and
reformat it so as to allow aircrew to view thair EM performance and compare it with
that of their adversary. Prior to describing the development of such a display it
would be appropriate to discuss how EM is utilized in ACM. Air combat is
characterized by a highly dynamic mansuvering environment agahist a nonpredic-
table aggressive adversary. Thia arena involves three prime combat situations for
one vs one combat: defensive, neutral, and offeasive.

a. Defensive

The prime objective for the pilot on the defensive is that of remaining out of
the adversary's cone of fire. The pilot can accompligh this either by turning
faster or by turning inside of his opponent. This is where the pilot's knowledge
of his maneuvering capability relative to his adversary is raquired. If the defunsive
pilot Las too much energy, his maneuvering cepability is seriously hampered, both
in terms of altitude and airspeed. On the other hand, if the defensive pilot remains
at too low an energy level maneuvering performance is again hampered and, even
worse, the pilot will probably not be given an opportunity to regain los: energy.
The defensive combat role is generally characterized by e series of ensrgy loss

maneuve-s, because maximum maneuvering performance occurs at corner velocity,
the point of maximum energy loss.

While gaining enersy would be useful for increasing manesuvering potential,
the adversary would me.st certainly welcome the defansive pilot's mistake of unload-
ing just for the sake of enargy gein. On defense the pilot will either force an over-
shoot by losing energy faster than the adversary, or increase the adversary's
bearing angle to a point where an energy gain mansuver might be accomplished.

As one would expect, during :lose-in combat the energy levels of both air-
craft are reasonably close together, with the defender setting the pace. If the
atiacker possesses too much energy, he is leaving himself open to a disastrous over-
shoot. If the attacker does not possess enough energy, the target will soon out-turn
the attacker. Today's rilot must account for these factors by relating visual inputs
to his training and experience. With the advent of aircraft having greater thrust
to weight ratios and lower wing loading, these airplanes are able to gain and lose
energy at faster rates than ever before. The srea of maneuver lisplay technology
is lagging behind these greater manesuvering capabilities. In urder fcr the pilot to
exploit the aircraft's perfcrmance to the maximum, hs must at all times be aware of
his relative maneuver conditions and capabilities, and know where his best
capabilities can be realized.
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b. Neutral

The neutral situstion is a near standoff where neitner sirplane can easily gain
a positiornal advantags. To break the stalemate one pilot must either capitalize cn
the other's mistake or utilize his maneuvering canability tc change the situation. In
this situation discretion may be the bettar part of valor, and the pilot may chuose to
unload and gain energy for ssparation. On the other hand, tne pilot may chocse to
exercise a vertical plane mansuver (trading airspeed for altitude), like a yo-yo, to
reduce bearing by decreasing his effective turn radius in his adversery's turaing
plana. As was the casa fnr the defensivs airplane, the pilot can be provided valuuble
informatinn sbout the energy consequences of sach maneuver to assist in his decision
making.

c. Uffensive

To perform offensive, aggressive combat,. positional advantage must be
achieved and maintained. The pilot must mainage his energy if he is to maintain his
positional advantage. On the offensive, the chief cbjective of snargy management
is to maintain the proper use of energy gain-eunergy losas maneuvars relative to the
adversary. In an offenisive sngagement (other than a hit and run) with excessive
snergy, the adversary will attempt to force an overshoot or force the attacked to lose
too much energy. So, for the pilot on the offensive, energy management is necessary
for achisving and maintaining good positional advantage for subsequent tracking tasks.

1. DEVELOPMENT OF THE EM DISPLAY

Traditionally, V-N diagrams ("g" vs velocity) have been used to describe an
aircraft's capabilitiss and limitations and/or to compare the peiformance capability
of two aircraft. Anuther method which has been used for these purposss is turn
rate vs velacity. This rate-velocity format provides a simple method for developing
tactica that can be explained in terms of the sinpgle parameter: velccity. An additional
method is through Altitude-Mach (H-M) diagrams. These diagrams usually indicate
where one aircraft has a spacitic sxcess energy (P,) or "g" advantage with respect to
the other. However, the data, while useful in designing aircraft, are difficult to
intery.et and even more difficult to evaluate i nonengineering applications. Some
of the difficulties associated with the H-M diagrams were documented by Pruitt (7).

Since the H-M diagram was considered inapprupriate, the other two energy man-
agement displays were developed with the intention of comparing their suitability for
uee with the Display and Debrisf Sudsystem (DDS) of the ACMR. The DDS of the ACMR
provides the means to review flight data and analyze individval maneuvers or engage-
mants. The addition of EM displays to the DDS provides the pilots with information
that can be usad to qualitatively evaluate individual nerformance. McDonnell Aircraft
Compnany (MCAIR) was awsrded a contract in September 1878 to develop these display
concepts for possible incorporetion into the ACMR. Eventualiy, a variant on the turn
rate va veiocity profile - the maneuver triangle - was sslected for incorporation into the
ACMR. The turn-rate vs velocity profils will be discussed first followed by the maneu-
ver triangle, the V-N profile, and firally the ACMR EM Display. Readers who may
not be familiar with some of the underlying concapts of EM may wish to refer to
Appendix A.
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2.1 TURN RATE-VELOCITY PROFILZ

The turn rate-velocity profile is shown ir Figure 1. The left side of the large
cone saape reprasents the aircraft maximum lift limit. or Cy, .. The right side
represents the aircraft structural iimit, or specified maximum load facior. For any
given valocity, thess bnundaries represent the maximum turn rate available.
"Corner turn" is defined as the point where the maximum lift iimit intersects the :
structural limit. The corner turn point exhibits the highest turn rate possible. i
The corner velocity, ther., is the speed at which the corner turn exists. :

-l il

Below the maximum limit boundaries, lines of constant P (in ft/sec) can be
showr , indicatin~- the specific energy loss and gain rates for the aircraft. The
Pg=y line rapresents the sustained turn rate. The point where the sustained turn
rate line peaks represents the velocity for the aircraft's maximum sustained turn.

The area above the susteined turn rate line represants an area of energy loss,
or areas where bleed rates (deceleration) build to a maximum. The maximum loss
occurs at the corner turn. Maximum acceleration occurs where P is a maximum,
along the base at zero turn rate.

st s Tl e

Figure 2 shows the rate-velocity profile for an F-4J weighing 39,259 pounds at
10,000 fast. The velocity band for maximum bleed rates (negative PS) and maximum
accelerations (positive P.) can bs easily determined.

Thesgse ata are valuable for examining individual aircraft performance, but
ara of little valua in determining how to use the aircraft egainst a specific threat.
This information is obtained by overlaying the rate-velocity profiles for both aircraft.

Figure 3 is a p:ofile of an F-4J and Threat A. When the F-4 is slower than ;
450 ¥CAS, the thr=at aircraft has a clear turn rate adventage. However, 'he F-4 can
out-accelerate the threat and the best F-4 acceleration advantage cccurs '.stween
375-575 KCAS. Also, if the F-4 and the threat fly sustained turns abov:: 500 KCAS,
the threat will be in an energy loss region if the threat tries to turn with the F-4. The
pilot of the F-4 must therefore be careful not to let his airspeed decrease below 43¢
KCAS. Since the F-4 hac a higher Pg at the lower turn rates, it has a superior climb
ratr advantage over the threat. (Pg i3 also a measure of steady state rate of climb.)
This would imply that a useful iactic is to climb if the threat becomes slow, since the
F-4 Las the capability to gain energy faster. The turn rate-vslocity is thus a valuable
tool. When properly used, it can be valuable in developing ACM tactics to exploit
strength.: ind weaknesses.

Pt e S

The significant points in the turn rate-velocity plot are shown in Figure 4.
The displays ere designed to relate maximum maneuvering performance. Therefore,
all data represent mnaximum power settings. For P_ = 0 calculations, drag due to
lift ("g") is increased until the drag is aqual to the thrust.
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Point T, represents the quickest-tightest turn (corner turn), and as
stated previously, occurs at the intersection of the maximum structural
limit boundary.

Puint Ty represents the steady staie turn at the corner velocity. This is
a thrust=drug condition and speed where the quickest-tightest turn is
available if needed.

Point T, represents the maximum steauy state turn.

Point T, represents the minimum sustained turn radius. Depending upon
the afrcraft's thrust-to-weight ratio turns mey or may not be sustained
below this aircpeed. The area to the left of the T4 velocity represents

an arva of low "g" and minimum turning capability, and should be avoided
during ACM operetions, unless a vertical maneuver tactic sc dictates.

%2.2 MANEUVER TRIANGLE

The baseline maneuver triangle is the basic EM display developed and used by
MCAIR (1). It is a simplification of the turn rate-velocity profile, showing the
maximum limits and the P_ = 0 line. On the original maneuver triangle the vertical
scaie had been normalized tn a height of 260 display units. Regardless of altitude,
the apex remained fixed and represented the current maximum available instantaneous
turn rate. The horizontal scale was fixed at 300 display units and represented the
aircraft's vV \ax for the current altitude. During altitude changes, the corner turn
point shifteg Taterally as A result of the horizontal scale factor changes.

Figure 5 represents the F-4's maneuver triangle for 5000 feet increments
between sea level and 40,000 feet. The maneuver triangle for each subsequent
altitude is scaled, based on the maximum turn rate (corner turn) st sea level. From
this figure, one can visualize the dynamics of the display as altitude is veried.

When jnitially mechanized on the West Coast ACMR, the display appeared as
shown in Figure 6. This pancl represents data for two aircraft, the Maneuver
Triangle being for aircraft 1. The small symbol "1" on the display shows the
current state within the current envelone. The small number "2" on the display
represents the current turn rate and velocity of the second anircraft. The lower
porticn of the display is the digital display of the parameters shown presently on
the DDS "flight display ."

P., V and H were added to show energy rate and the twn basic parameters
that contribute to it.

Figure 7 defines the points used to generate the data on the Displav and Debrief
Subsystem (DDS). The variables are defined as follows:
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VMR = Velocity for the minimum sustained turn radius st specified
fuel, specified altitudes.

TMR = Maximum horizontal turn rate at VMR.

TMRP3 = Sustained turn rate at VMR.

VCT =  Corner velccity - velocity for maximum instantaneous turn rate
at specified fuel, specified altitude.

TCT =  Maximum horizontal turn rate at VCT.

TCTPS = Sustained turn rats at VCT,

VXR = Velocity for maximum sustained turn rate at specified fuel,
specified altitude.

TXR =  Maximum horizontal turn rate at VXR at. specified fuel, specified
altitude.

TXRPS = Maximum sustained turn rate occurs at VXR.

VMX = 750 KCAS, or actual Vyhax if lass than 750 KCAS.

TMXPS = Sustained turn rate at VMX.

The units of all velocities are in ft/sec and all turn rates are in deg/sec. To
provide sufficient data for subssquent construction of the display on the DDS graphics,
data for nine altitudes, sea lavel to 40,000 feet, were generated. Tables I-IV represent
the data necessary to generate the displays for two F-4 configurations flying out of
Miramar and Yuma. The 5,000-font altitude increments have been iound to provide
adequate interpclation intervals between data points.

7or data computation at intermediate altitudes, linear interpolation is performed
for each point defined on Figure 7. The result of the interpolation between two table
altitudes is the data that are used for subsequent display. Prior to use for final
display at any specified altitude the data are scaled based upon the maximum sea level
turn rate.

The data are generated by using a MCAIR-developed computer program that
balances thrust and drag as a funntion of "g" and airspeed to determine the various
turn parameters for specified P rals. Each set of data is calculated at a specified
constant gross weight.

2.3 V-N DIAGRAM
A display in the shape of a V-N diagrain was also mechanized. A major

difference between chis and a conventional V-N diagram is thet the Pg = 0 line is
generatad using muximum sustained turn rates in lieu of maximum sustained load
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factor. If actual maximum sutained "g” were displayed, the pilot would be supplied
with incorrect veiocity information. For example. an F-4 weighing 39,259 pounds st f-
10,000 feet reaches maximum sustaining "g" at 546 KCAS. The maximum sustained

turn rate occurs at 513 YCAS. The sustained turn rate at maximum sustained "g" is lower :
thar the msximum sustained turn rate and the turn radivs is approximately 700

fee* larger. Vealucity data obtained from a turn rate-velocity profile in s classroom
could not be correlated unless this display change were made. Turn rate is converted i
into "g" by nsing the following expression:

/(8 *V/1845.08)4 + 1

8 =
where: 8 = turn rate (deg/sec)
V = velocity (ft/sec) TAS

The associated display diagram is shown in Figure 8, i

where:
VNTRM = SQRT ((TMR * VMR/1845.06)2 + 1}
VNTMRPS = SQRT ((TMRPS * VME/1845.06)2 + 1)
VNTXRPS = SQRT ((TXRPS * VXR/1845.06)2 + 1)
VNTCT = SORT ((TCT * VCT/1485.06)2 + 1)
VNTCTPS= SQRT ((TCTPS * VCT/1845.08)2 + 1)
VNTMX = SQRT ((TMX * VMX/1845.06)% +1)

VNTMXPS= SQRT ((TMXPS * VMC/1845.06)% + 1)
VNTXR + SQRT ((TXR * VMR/1845.06)2 + 1)

Figures 9 through 11 show the V-N diagram for an F-4 at 41,500 pounds using
various vertical scale {actors. The vertical scale of 150 units was selected since
it more closely represented the classical shapa of a V-N diagram. The horizontal
scale remained at 300 units.

¢1gure 12 represents the V-N diagram as jt appears on the ACMR DD3 scope. : :
Using the points calculated from the above equations, th. data may be used directly
if zero "g" is used as a base. Since the area batween zerc "g" and 1 "g" is of no valug, i
the base of the V-N diagram has been adjusted to a base of 1 "g". A base of zero was
used; however, unity was subtracted frum all load factors prior to the final display
plot. This technique allows the use of he ad. ‘ional area for display. Vand H
had not been added when this frame was taken. The information on the lower portion
of .he display is the same as for the rate-velocity display. )
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